Abstract-Arterial injury resulting from the interaction of contrast agent (CA) with ultrasound (US) was studied in rabbit auricular arteries and assessed by histopathologic evaluation and s-thrombomodulin concentrations. Three sites on each artery were exposed (2.8 MHz, 5-min exposure duration, 10-Hz pulse repetition frequency, 1.4-s pulse duration) using one of three in situ peak rarefactional pressures (0.85, 3.9 or 9.5 MPa). Saline, saline/CA, and saline/US infusion groups (n ‫؍‬ 28) did not have histopathologic damage. The saline/CA/US infusion group (n ‫؍‬ 10) at exposure conditions below the FDA mechanical index limit of 1.9 did not have histopathologic damage, whereas the saline/CA/US infusion group (n ‫؍‬ 9) at exposure conditions above the FDA limit did have damage (5 of 9 arteries). Lesions were characteristic of acute coagulative necrosis. Mean s-thrombomodulin concentrations, a marker for endothelial cell injury, were highest in rabbits exposed to US at 0.85 and 3.9 MPa, suggesting that vascular injury may be physiological and not accompanied by irreversible cellular injury.
INTRODUCTION

Introduction and literature
The American Heart Association reports that coronary heart disease is the single largest killer of Americans and that atherosclerosis is the single largest cause of coronary heart disease (American Heart Association 2005). Atherosclerotic coronary arterial obstruction can cause reduction or obstruction of coronary blood flow, leading to myocardial ischemia and infarction (Schoen 2005) . Surviving this disease is dependent on early detection, diagnosis and treatment; thus, an estimated 1.2 million coronary angioplasties and 0.5 million bypass procedures were performed in 2002 in the USA and, in 2005, the direct and indirect costs of coronary heart disease were estimated at $142.1 billion (American Heart Association 2005). Thus, the medical and biomedical engineering communities have recognized that one factor that can contribute to reducing the death rate attributable to coronary heart disease is early detection and diagnosis (Asanuma et al. 2004; Bruce et al. 2004; Chen et al. 2004; Dawson et al. 2003; Takeuchi et al. 2004; Yip et al. 2003; Zhuang et al. 2004) . To this end, microbubble ultrasound (US) echogenic contrast imaging agents (CAs) were approved by the US Food and Drug Administration (FDA) for use in cardiology in the USA health care market (Al-Mansour et al. 2000; Clark and Dittrich 2000; Cohen et al. 1998; Malhotra et al. 2000; Mulvagh et al. 2000) .
Although not currently approved by the FDA for other applications, the ultimate benefit of microbubble US CAs to the patient may lie in their use by physicians as a means of noninvasive assessment of coronary heart disease. By specifically imaging coronary artery and microvascular (capillary) blood flow, myocardial structure, function and perfusion can be assessed and the presence and/or severity of coronary artery occlusion (stenosis) and the severity and extent of myocardial degeneration and replacement fibrosis after myocardial infarction determined. Microbubble US CAs are valuable diagnostic tools for physicians, but their use must be considered in the context of risk-benefit assessment for each patient. The medical significance of and long-term potential benefits from the use of CAs for diagnostic imaging are clear; however, concerns related to their "safe use" have been raised because of reports of CAinduced vascular injury.
Over the last 7 years, a variety of clinical and experimental studies have demonstrated an assortment of structural (vascular alterations) and functional (arrhythmogenesis) changes in the cardiovascular system resulting from the interactions of US with CAs in the vascular system. These vascular alterations included changes in permeability (i.e., leakage of Evans blue dye) and integrity (i.e., petechial hemorrhages), focal endothelial cell and myocyte loss and necrosis, inflammation and replacement fibrosis (Hwang et al. 2005; Li et al. 2004; Miller and Gies 1998, 2000; Miller et al. 2004 Miller et al. , 2005 Miller and Quddus 2000; Skyba et al. 1998 ). Arrhythmogenic changes included premature ventricular contractions in healthy adult human beings during triggered second-harmonic imaging of a CA for myocardial perfusion (van Der Wouw et al. 2000) ; supraventricular tachycardia or nonsustained ventricular tachycardia in patients at risk for syncope, supraventricular tachycardia or ventricular tachycardia after IV administration of perfluorocarbon-exposed sonicated dextrose albumin microbubbles (PESDA), exposure to therapeutic transthoracic low-frequency US (Chapman et al. 2005) and cardiac arrhythmogenesis in a rat model (Zachary et al. 2002) . Cavitation has been suggested as the likely mechanism for microbubble-induced premature cardiac contractions (Dalecki et al. 2005) .
The results from these studies have been used as indirect evidence to suggest that the interaction of US with CAs in the vascular system causes endothelial cell dysfunction and injury; however, the character and extent of the injury to the vascular endothelium has not been fully described. A lack of a clear understanding of the short-and long-term vascular bioeffects induced by the interaction of US with CAs could impact the regulatory process and impede the introduction of new microbubble US CAs into the health care market for needed medical benefit.
Currently, the medical significance and pathogenesis of such phenomena as applied to CA use in human beings are not clearly understood and, although no serious concerns were raised in the American Institute for Ultrasound in Medicine consensus statements (AIUM 2000a (AIUM , 2000b (AIUM , 2000c , it was advised that CA exposure conditions that minimize the potential for bioeffect occurrence should be used. However, the consensus statements did not provide guidelines as to what US exposure conditions would minimize the potential for bioeffect occurrence.
The purpose of this study was to: 1. characterize the histopathologic lesions and relative changes in s-thrombomodulin concentrations, a marker for endothelial cell injury, from rabbit auricular arteries (a medium-sized muscular artery model for the coronary artery) after the interaction of pulsed US with CA, and 2. provide, through the cytomorphologic characteristics of the lesions, insight into the mechanism of vascular injury associated with this interaction.
MATERIALS AND METHODS
Animals
The experimental protocol was approved by the Institutional Animal Care and Use Committee, University of Illinois, Urbana-Champaign and satisfied all University and United States National Institutes of Health rules for the humane use of laboratory animals. Rabbits were selected as the experimental animal because the anatomic and histologic structures of the auricular artery were reasonable models for the human coronary artery and provided a readily accessible superficial site for insonation of the artery.
New Zealand White rabbits (Myrtle's Rabbitry, Thompson Station, TN, USA) were weighed (4.5 Ϯ 0.6 kg, n ϭ 47) and anesthetized with ketamine hydrochloride (50.0 mg/kg) and xylazine (10.0 mg/kg) administered subcutaneously. Anesthetized rabbits were placed in right lateral recumbency. Respiratory rates and peripheral vascular perfusion (ear skin color and mucous membrane color) were monitored visually. Experiments were conducted in a room maintained at 22°C. To minimize body heat loss to adjacent tabletop, rabbits were placed on a thick insulating paper barrier.
The skin over the dorsal surface of the right auricular artery was exposed by removing hair with an electric clipper, followed by a depilatory agent (Nair ® , CarterWallace, Inc., New York, NY, USA) to maximize sound transmission (Fig. 1a) . Three black dots were placed on the skin (6, 7, and 8 cm from the tip of the ear) next to the right auricular artery to guide the positioning of the ultrasonic beam of the transducer (Fig. 1a, c) . At each black dot, the auricular artery was exposed to pulsed US for 5 min, each exposure under the same conditions and infusion rate of CA (Table 1) . A stand-off tank was positioned in contact with the depilated skin using mineral oil as a coupling agent (Fig. 1a, b) . A transducer holder was visually centered on the auricular artery lateral to a black dot and the transducer was placed in the holder in the stand-off tank that contained highly degassed water at 30°C (Fig. 1a, b) . The ultrasonic beam axis was approximately perpendicular to the artery with the focal region of the beam within the lumen of the artery. An IV 23-gauge butterfly catheter was inserted into the lateral auricular vein of the left ear. This catheter was used to infuse CA continuously into the systemic circulation (Fig. 1c) .
During the alignment procedure, the low-power pulseecho capability of the exposure system (RAM5000, Ritec, Inc., Warwick, RI, USA), displayed on a digital oscilloscope (LeCroy Model 9354CTM, Chestnut Ridge, NY, USA), was used to adjust the calibrated focal region center of the transducer on the auricular artery (the focal region length, the Ϫ6-dB pulse-echo depth of focus, was 2.7 mm; the full thickness of the ear was 2.1 Ϯ 0.3 mm). The pulse repetition frequency (PRF) was 10 Hz. The US exposure levels reported for the sham (negative control) resulted from this alignment procedure, which took about 30 s to accomplish.
After insonation, rabbits were allowed to fully recover from anesthesia and then were returned to the animal housing unit. After 24 h, the rabbits were reanesthetized with ketamine hydrochloride and xylazine and 1.0-mL volume of serum was collected by arteriopuncture of the left auricular artery. Serum was stored at Ϫ20°C until analyzed for s-thrombomodulin. Serum samples, The ear supported by a fluid-filled balloon and stand-off vessel containing highly degassed water (30°C) with membrane in direct contact with skin surface over the artery. A small quantity of mineral oil was used to ensure complete contact between membrane and skin. (c) Three black dots on the skin at the positions marked by the tips of arrows. A transducer holder (see Fig. 1a ) was visually centered on the auricular artery lateral to each black dot and the transducer placed in the holder in the stand-off tank. At the arrowhead, but on the opposite ear (left), an IV 23-gauge catheter inserted into the left lateral auricular vein. After fixation of the entire ear, area highlighted by the gray rectangle was cut free from the ear and used for histopathologic evaluation. satisfactory for s-thrombomodulin analysis, were obtained from nearly every rabbit used in this study; as a result, rabbit numbers listed in the tables do not always agree. Each rabbit was then euthanized with CO 2 . Immediately after euthanasia, the insonated ears were removed and fixed by immersion in 10% neutral-buffered formalin (pH 7.2) for histopathologic evaluation. The 24-h interval between US exposure and fixation of the ear was based on the need to provide a reasonable time for inflammation and thrombosis (Kumar et al. 2005 ) to occur in vivo in the auricular artery after the interaction of US and CA.
Experimental design
The experimental design is outlined in Table 1 . All rabbits were randomly assigned to a group and were subjected to the same anesthesia and preparatory conditions. Rabbits that were infused with saline alone or CA and saline (both groups were not exposed to US) had their ears depilated and prepared the same as all other rabbits exposed to US. In addition, the ear from these rabbits (not exposed to US) was positioned under the stand-off vessel filled with highly degassed water that contained the transducer holder and transducer. The transducer was not turned on, but the "treatment" period was 30 min, an exposure duration identical to that of rabbits exposed to US.
Exposimetry
US exposure conditions and transducer calibration procedures used in this study were described previously Zachary et al. 2001a Zachary et al. , 2001b . In summary, a focused 19-mm diameter, lithium niobate ultrasonic transducer (Valpey Fisher, Hopkinton, MA, USA) was used to expose each auricular artery. The transducer was characterized and calibrated in degassed water (22°C) according to established procedures Raum and O'Brien 1997) . The pulseecho characterization procedure yielded a center frequency of 2.8 MHz, a fractional band width of 8%, a focal length of 20 mm, a Ϫ6-dB focal beam width of 470 m, and a Ϫ6-dB depth of focus of 2.7 mm. The calibration procedure used a calibrated polyvinylidene difluoride (PVDF) hydrophone (Marconi Model Y-34-6543, Chelmsford, UK) and yielded an in vitro peak rarefactional pressure, an in vitro peak compressional pressure and a mechanical index (MI). The pulse duration was 1.4 s. The 10-Hz PRF was used to allow some CA to infuse back into the US exposed region should the US exposure level exceed the CA collapse threshold. At a frequency of 2.8 MHz, the rupture pressure threshold for an isolated Optison™ microsphere is around 0.9 MPa (Ammi et al. 2006 ), a peak rarefactional pressure near the lowest pressure levels used herein.
The reported exposure conditions (Table 1) are those of the in vitro values because the loss of the propagated ultrasonic wave in tissue (between the ear surface and the vessel) is estimated to be less than 0.3 dB (i.e., negligible). This estimate assumes an attenuation coefficient of 3 dB/cm at 2.8 MHz (assumed to be similar to the attenuation coefficient of the chest wall (Teotico et al. 2001) , along with the measured tissue thickness between the skin surface and the vessel wall (0.7 Ϯ 0.2 mm).
Contrast agent
Optison™ (Amersham Health [GE Healthcare], Princeton, NJ, USA), a commercially available injectable microbubble US echogenic CA that consists of hollow microspheres of heat-denatured human albumin filled with perflutren, was used in this study. Optison™ was infused into the left lateral auricular vein of each rabbit during the 30 min "treatment" period to ensure that the exposure site in the right auricular artery was continuously refreshed with CA after interaction with US during exposure. Then, 3 mL of CA were added to a 100-mL bag of normal saline and gently mixed until adequately suspended. This gentle mixing was repeated every 2 min to maintain suspension of the CA in the saline. A variable drip line (15 drops/mL) was placed between the saline bag and the butterfly catheter (23-gauge). A drip rate of 1 drop per s was used, resulting in an infusion rate of approximately 4.0 mL/min. The mixture was maintained at room temperature during the 30-min infusion period.
Our approach was based on an infusion procedure described for use in human beings by Labovitz and Bierig (2003) from GE Healthcare. Other clinical studies that used a continuous infusion technique include Shimoni et al. (2002 Shimoni et al. ( , 2003 ; Aggeli et al. (2002) ; Otani et al. (2004) , and Dubart et al. (2004) . Also, Miller et al. (1999) and Seidel et al. (2002) used an infusion technique similar to ours (Optison™ diluted in a NaCl bag); one of the authors of Miller et al. (1999) was the lead author of Podell et al. (1999) , a paper that questioned the stability of Optison™ when added to (diluted in) normal saline. Also, in a recent study (Ammi et al. 2006 ) that quantified rupture thresholds of Optison™ in degassed water, the threshold results were consistent with numerical simulations using existing models for microbubble dynamics that considered the process of shell rupture, inertial cavitation and acoustic emissions; the Optison™ microbubbles were observed to remain intact throughout each of the approximately 1-h experimental durations via optical microscopy.
Pathologic evaluation
Insonated ears were fixed for a minimum of 5 days. Arteries were not fixed by vascular perfusion to minimize the loss of leukocytes adherent to the injured endothelium. The auricular artery was trimmed from the ear (see Fig. 1c ), placed in a processing cassette, embedded in paraffin, interval (step) sectioned in a longitudinal plane parallel and 90°to the long axis of the artery at 3-m thickness, mounted on glass slides and stained with hematoxylin and eosin (H&E) for routine microscopic evaluation.
Step sections were taken at an interval of approximately 15 to 25 m until sectioning was completed through the entire diameter of the artery. The Fraser-Lendrum method for fibrin was used to determine if fibrin was present in lesions (Luna 1992) .
The entire auricular artery in each step section was evaluated for changes affecting endothelial cells (tunica intima), the internal elastic lamina and myocytes of the tunica media. In addition, the presence of leukocytes adherent to or associated with the endothelium or myocytes of the auricular artery was also noted. These changes included endothelial cell swelling and/or separation of endothelial cell junctions, necrosis of the endothelial cells of the tunica intima, necrosis of the internal elastic lamina and/or myocytes of the tunica media and the movement of adherent leukocytes into the tunica intima and media.
A score was assigned to each insonated auricular artery based on an evaluation of all step sections. A score of 0 indicated there were no abnormal changes in any structures in the auricular artery. A score of 1 indicated there were reactive changes in the endothelial cells that included cell swelling and/or alterations of spacing between cells. A score of 2 indicated there was damage to the auricular artery characterized by: 1. endothelial cell swelling and/or alterations of spacing between cells, 2. adhesion of leukocytes to the injured endothelium, and 3. degeneration and necrosis of endothelial cells and the underlying internal elastic lamina and myocytes of the tunica media.
The rabbit auricular artery is a medium-sized muscular artery and was used as a model for the coronary artery so that injury to vascular endothelium caused by the interaction of CA with US could be assessed. Although smaller in vessel and luminal diameters than human coronary arteries, the histomorphology of rabbit auricular arteries was similar to that of human coronary arteries. The right auricular artery vessel and luminal diameters were measured microscopically (n ϭ 12) and were 405 Ϯ 45 m and 168 Ϯ 21 m in diameter, respectively. Because these arteries were fixed and processed, their luminal diameters would be expected to be smaller. In a supplementary experiment, an in vivo US B-mode image of a rabbit auricular artery performed at 40 and 65 MHz demonstrated that the artery measured between 500 to 700 m in luminal diameter.
Rabbit s-thrombomodulin ELISA
Thrombomodulin is a recognized biomarker of endothelial injury. It is a cell surface glycoprotein that is primarily expressed in endothelial cells and, along with protein C, plays a role in counteracting thrombin-mediated coagulation after endothelial cell injury (Ejiri et al. 2001 ; ). The thrombomodulin-thrombin complex activates protein C, which possesses anticoagulant properties (Van de Wouwer and Conway 2004). In addition to being membrane-bound, thrombomodulin also exists in soluble plasma form (sthrombomodulin) and is a sensitive and specific indicator of endothelial cell damage (Boehme et al. 2002) . After injury to endothelial cells, elevations of s-thrombomodulin are rapid and proportional to the extent of injury. Loss of membrane-bound thrombomodulin into the soluble pool is thought to be caused by mechanical disruption, neutrophil-derived proteases and by rhomboids, a family of intramembranous proteases (Lohi et al. 2004 ). Quantification of s-thrombomodulin has been previously used to measure endothelial damage from a variety of causes, including hypertension, atherosclerosis, percutaneous transluminal coronary angioplasty and vasculitis (Boffa and Karmochkine 1998; Chao et al. 2004; Dohi et al. 2003; Gando et al. 2004 Gando et al. , 2005 Hjerkinn et al. 2005; Sakamaki et al. 2003) .
A double-sandwich enzyme-linked immunoabsorbent assay (ELISA) 1 for canine von Willebrand factor was modified to measure rabbit s-thrombomodulin (Benson et al. 1991 (Benson et al. , 1992 . Immulon ® 4 HBX high-binding microtiter plates (Thermo Labsystems, Franklin, MA, USA) were coated, at 1/500 dilution, with the IgG fraction of a mouse monoclonal antibody to human thrombomodulin that cross reacts with rabbit thrombomodulin (clone PBS-01, ab6980, Abcam Inc, Cambridge, MA, USA). A 1/1000 dilution of the purified IgG fraction of goat antirabbit thrombomodulin (product #236, American Diagnostica, Inc., Stamford, CT, USA) was used as the sandwich antibody. The detector antibody (horseradish peroxidase conjugated-swine antigoat IgG, AC13404, Biosource International, Camarillo, CA, USA) was preadsorbed with rabbit IgG (Sigma, St. Louis, MO, USA) to remove cross-reactivity to rabbit immunoglobulin and then diluted 1/4000 for use.
Purified rabbit thrombomodulin (1.9 mg/mL, RTM-2020, Haematologic Technologies Inc., Essex Junction, VT, USA) was used as the calibration standard. Rabbit thrombomodulin standards ranging from 2.5 to 100 ng/mL were prepared in ELISA dilution buffer. Serum samples were diluted 1:3 in the same buffer, 200 L added to each well and reacted with capture antibody for 2 h at room temperature. Wells were washed 3 times with phosphate-buffered saline (PBS)-polysorbates (Tween) between all additions. The reaction times for the sandwich and detector antibodies were 1 and 0.5 h, respectively, at room temperature.
Standards and serum samples were assayed in triplicate and results reported as the mean of three determinations. Absorbance values were measured at 492 nm using an EL312 Microplate Reader (Bio-Tek Instruments Inc., Winooski, VT, USA) and data transformation and curve fitting (log-log, quadratic curve fit) were performed using provided software (KinetiCalc™ EIA Application Software version 2.12, Bio-Tek Instruments). The assay had a dynamic range of 2.5 to 100 ng/mL rabbit thrombomodulin with a lower limit of detection of 0.5 ng/mL. When untreated rabbit serum was spiked with purified rabbit thrombomodulin, recovery ranged from 82 to 98%.
RESULTS
Pathologic evaluation
The results from all rabbit treatment groups are shown in Table 2 and Figs. 2 to 4. Of all the rabbits in the negative control and experimental groups, only 5 of 9 rabbits in the highest experimental pressure group (highpressure positive control group, 9.5 MPa) had histopathologic lesions that allowed them to be scored as damaged auricular arteries. A high-pressure positive control group was included in this study to ensure that auricular arteries could be histopathologically damaged and the cytomorphology of the lesions could be characterized and serve as the basis for assessing lesions in the experimental groups. Histopathologic lesions occurred within the focus of the transducer's beam (beam width of 470 m; depth of focus of 2.7 mm), with both the endothelial surface closest to and farthest away from the transducer being damaged. In 3 of the 5 damaged arteries, the most severe injury was on the side farthest away from the transducer.
An auricular artery scored as normal in this study is illustrated in Fig. 2a . The cytomorphological characteristics of damaged auricular arteries included alterations of spacing between cells (Figs. 2b, c) ; endothelial cell detachment from the basement membrane (Fig. 2c) ; cytoplasmic swelling and nuclear pyknosis, karyorrhexis and hyalinization and dissolution affecting individual and clusters of endothelial cells (Fig. 2d to g ); acute coagulative necrosis of the tunica intima (Fig. 2e, f) ; acute coagulative necrosis of the internal elastic lamina (Fig. 2e) ; detachment and loss of both the tunica intima and internal elastic lamina (Fig. 2f) ; adhesion of leukocytes to damaged endothelium, tunica intima, internal elastic lamina and tunica media (Fig. 2d to g ); cytoplasmic swelling and nuclear pyknosis, karyorrhexis, hyalinization and dissolution of myocytes subjacent to damaged tunica intima (Fig. 2e to g ); acute coagulative necrosis of myocytes in the tunica media (Fig. 2d to g ); and emigration of leukocytes into the damaged tunica media (Fig. 2g) . The Fraser-Lendrum method for fibrin was applied to the lesion in Fig. 2e and no fibrin was demonstrated (Luna 1992) . Fibrin was demonstrated in the positive control section included with the procedure.
Rabbits infused with saline alone (i.e., negative control group), infused with saline and CA and not exposed to pulsed US (i.e., negative control group), or infused with saline alone and exposed to pulsed US (i.e., positive control group) did not have damaged auricular arteries. In addition, 5 of 5, 5 of 5 and 4 of 9 rabbits infused with saline and CA and exposed to pulsed US at 0.85 MPa, 3.9 MPa and at 9.5 MPa, respectively (i.e., NA ϭ not applicable; MI ϭ mechanical index.
* Sham (negative) control for which exposure duration is approximately 30 s during the transducer alignment procedure. Following alignment, the ear was exposed without the US turned on. † Positive control. ‡ One rabbit had leukocytes with cytomorphological features consistent with those seen in adherent leukocytes; however, they were not directly associated with a damaged artery.
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Ultrasound 2006 treatment groups) did not have damaged auricular arteries. However, some rabbits in these negative control and experimental groups had reactive changes in the endothelial cells that included cell swelling and/or widening of the space between contiguous endothelial cells ( Fig.   2c, d ). The remaining rabbits in these groups had no change in the cytomorphological appearance of their endothelium, tunica intima, internal elastic lamina or tunica media (see Fig. 2a ). All control rabbits (i.e., saline and US) in the high-pressure positive control group had reactive changes.
Rabbit s-thrombomodulin concentrations
The mean concentrations of s-thrombomodulin from all rabbits used in the study are shown in Table 3 and Fig.  4 . The s-thrombomodulin concentrations did not correlate with lesion scores; in fact, the highest mean concentration of s-thrombomodulin occurred in rabbits exposed to US at 0.85 MPa, with 4 of 10 in the 0.85-MPa group having s-thrombomodulin concentrations greater than 30 ng/mL. These rabbits had auricular artery lesions scored as reactive changes in the endothelial cells (see Figs. 3 and 4) .
DISCUSSION AND SUMMARY
In this study, we have demonstrated three important observational findings. First, the interaction of CA with US at exposure conditions below the FDA MI limit of 1.9 did not cause histopathologic damage of the auricular artery in vivo; however, this interaction can cause histopathologic damage using exposure conditions higher than the FDA limit.
Second, the arterial lesions observed in this study are characteristic of acute coagulative necrosis (necrotic cells) (Kumar et al. 2005) and include: 1. cytoplasmic lesions, such as increased eosinophilia, homogeneous appearance, vacuolation and membrane distortions and alterations, and 2. nuclear lesions such as pyknosis, karyorrhexis and dissolution. These necrotic cells likely result from denaturation of intracellular proteins and nuclear and cytoplasmic chromatin. Circulating leukocytes (neutrophils) are attracted and adhere to the areas of injury (leukocyte adhesion cascade), as shown in Fig. 2d to g. Acute coagulative necrosis may be caused by many initiating events; however, in the context of the interaction of US with CAs, physical effects such as trauma and extreme alterations in temperature seem the most likely causes of cell injury (Kumar et al. 2005) . Shear stress (Church et al. 2006; Miller et al. 2006; AIUM 2000a AIUM , 2000b AIUM , 2000c or thermal phenomena (Church et al. 2006; Dalecki 2004; AIUM 2000a AIUM , 2000b AIUM , 2000c are the most likely physical forms of injury that could produce the lesions seen in this study. Several in vitro studies have shown that shear stress from bubble oscillation can injure or cause sonoporation of monolayer cells (Miller 1998; Miller and Dou 2004a, 2004b) ; theoretical studies suggest similar phenomena may occur (Wu 2002) . Heat and microjets arising from the collapse of microbubbles (inertial cavitation) are a second group of phenomena (Church et al. 2006; Dalecki 2004; AIUM 2000a AIUM , 2000b AIUM , 2000c ) that potentially could induce lesions in vascular endothelium consistent with acute coagulative necrosis.
The interaction of US with CA likely leads to violent oscillation and/or collapse of CA and, in vivo, the hypothetical formation of shear stress forces or thermal changes (heat or microjets), denaturation and coagulation of cell membrane and cytoplasmic proteins and cell necrosis. For damage to occur, these interactions must take place in the interface (nanometer scale) between the luminal endothelial cell membrane and CA in laminar arterial blood flow. Although shear stress phenomena have been studied in greater detail and may be more relevant to some in respect to the mechanism of injury (Miller 1998; Miller and Dou 2004a, 2004b; Wu 2002) , it has been shown that single-bubble cavitation results in plasma formation and temperature elevation (Ϸ 4300 to 5000°K) of a degree sufficient to induce thermal injury (Didenko et al. 1999; Suslick 2004) . In vivo, such bubble collapse could potentially result in the formation of microjets (AIUM 2000a (AIUM , 2000b (AIUM , 2000c ) of superheated gas (thermal injury) that would result in denaturation and coagulation of cell membrane and cytoplasmic proteins consistent with acute coagulative cell necrosis. Although unlikely, based on the cytomorphology of the lesion, an apoptotic mechanism of cell injury could also be considered (Kumar et al. 2005) .
Third, the mean s-thrombomodulin concentrations appeared to parallel reversible and irreversible injury of endothelial cells by US alone or US and CA interactions. Rabbits with elevated thrombomodulin concentrations were those rabbits whose lesions were most consistent with reversible cell injury characterized by plasma membrane and nuclear alterations (Kumar et al. 2005) . Rabbits whose arteries had acute coagulative necrosis (irreversible cell injury) did not have elevated s-thrombomodulin concentrations. Cells with reversible cell injury are functioning cells; thus, they are likely still capable of synthesizing and releasing s-thrombomodulin after injury. Cells with irreversible cell injury are dead cells and no longer function; thus, they are incapable of synthesizing and releasing s-thrombomodulin after injury. Because cells with acute coagulative necrosis have irreversible cell injury (Kumar et al. 2005) , they detach from the vascular surface and are swept away by vascular flow to be removed by the monocyte-macrophage system. The presence of s-thrombomodulin in plasma can follow perterbation of vascular endothelial cells from a variety of stimuli (Takano et al. 1990 ). Stimuli such as experimental manipulation, CA, US alone and CA with US can likely serve as stimuli for the synthesis and release of s-thrombomodulin; however, these stimuli cause reversible cell injury that, with time, is repaired and there is a gradual return to normal function with decreasing concentrations of s-thrombomodulin in the plasma. Thus, endothelial cells scored as reactive were physically present and were responding functionally to injury and releasing s-thrombomodulin into the circulation for the entire 24-h period posttreatment. Exogenous experimental variables were controlled in this study by ensuring that all rabbits were subjected to the exact same experimental conditions and manipulations. Therefore, at The results from this study are an early step in developing a better understanding of the bioeffects of the interactions of US with CA on the vascular system, especially as these effects relate to the assessment of coronary artery stenosis and myocardial perfusion. Studies need to be conducted to establish the short-and long-term bioeffects of CA on vascular endothelium, especially if such agents are to be used in assessing coronary artery stenosis and myocardial perfusion. Short-term studies should focus on the risk associated with imaging coronary arteries in patients with unstable atheromatous plaques. Long-term studies should address the potential for atheromatous plaques to develop in myocytes of the tunica media damaged by the interaction of CA and pulsed US. The generation of these data will allow for a more clear understanding of the safety issues surrounding the use of CA in patients at risk.
